The research paper presented here describes experimental investigations of Black Liquor Supercritical Water Gasification in a continuous Plug Flow Reactor system. Operating conditions heavily affects the gasification yields within the process. Nevertheless, an important issue in SCWG is the possible deposition of tar, char and inorganic compounds with subsequent plugging of the reactor. Reactions of re-polymerization are taken into account in regards to the results obtained. Important considerations are given here concerning the design and operation of high pressure reactor systems aimed at SCWG of biomass. Operational issues are seldom taken into account in this kind of investigations.
Introduction
Nowadays, the use of biofuels in energy conversion processes is of increasing interest, above all because biofuels are considered to be carbon neutral since they are produced from biomass.
The reasoning behind this is that plants and several other microorganisms can utilize CO2 contained in the atmosphere and therefore, when this biomass is utilized for power conversion processes, the carbon balance will be neutral. There are important limitations in this assumptions [1] . First of all, plants and organisms in general require relatively long time to produce biomass from photosynthetic processes [2] . In addition, it has to be considered that the extensive usage of energy cultivations is producing depletion of the soil with loss of nutrients and inorganic compounds, which are utilized during the photosynthetic process. Despite woody biomass is still the most diffused source of feedstock in thermochemical conversion processes, there is a great attention worldwide on residual biomasses [3] [4] [5] .
Biomass gasification is intended to produce syngas to be utilized as fuel in power production and combined production systems [6] . For instance, internal combustion engines [7] and turbo gas [8] are the most common downstream application for power production. The commercially available technologies are numerous and provided by different companies; among others: General Electric, ConocoPhillips, Lurgi, Mitsubishi [9] .
The first studies on the Supercritical Water Gasification, SCWG, of biomass date back to few years ago [10] . SCWG do present positive aspects [11] . For instance, it can be considered a form of gasification at low temperature since very good results could be obtained at temperatures around 600°C [12, 13] . Furthermore, there are also practical aspects which can be of advantage when bringing the reactor to the gasification conditions: by retaining the pressure above the supercritical point, it has been reported in literature [14] that there is even the possibility to save energy since the boiling process (very energy consuming) is avoided as can be seen from Operational issues of SCWG of biomass have been reported recently in literature [15] in regards to the problems caused by deposition of salts contained in feedstock like black liquor.
In the present study, authors report a more detailed description of the problematics encountered during continuous SCWG of biomass. In literature, it is seldom acknowledged that there are operational and safety issues which should be considered also from a reactor design point of view.
Materials and methods
In this study, experiments were conducted by utilizing a continuous mode of operation. Biomass is inserted first in a suitable feed cylinder by means of a valve system. Pressurized nitrogen is used first to pressurize the biomass sample and then to inject the sample into the reactor at the target operating conditions. For this purpose, a mass flow controller (El-Flow® F230-M from Bronkhorst High-Tech B.V.) was used and coupled with a check valve, pressure meter and ball valve (See Figure 3 ). All the valves and tubing used were from Swagelock. The reactors utilized for this investigation were made of Inconel 625 and Stainless Steel 316 respectively. Temperatures and pressures were taken at different places along the reactor and recorded by using the LabVIEW software. The data acquisition system is the NI DAQ mx from National Instruments. Gas and liquid products are collected in suitable gas sampling bags with septum and valve after the cooling section and a final back-pressure regulator. For elemental analysis, a CHNS analyser, Flash EA 1112 by Thermo Quest was used. While for gas analyses we used a gas chromatograph, Perkin Elmer Clarus 500 (with a TCD detector) by Arnel. The estimation of the Gross Calorific Value was performed by a Parr Instrument Company's 1341 Oxygen Bomb Calorimeter. A description is given in Figure 2 . ICERT 120-3
The sample tested was weak black liquor from a Finnish pulp and paper company; Table 1 describes the sample composition in terms of elemental analysis. While Table 2 gives the Higher Heating Value and ash content. Of particular interest is the configuration of the reactor closure system and the particular arrangements aimed at releasing the pressure in case of over-stressed conditions. This is shown in Figure 3 with the main parts shown in Table 3 . In the same figure, the conical shaped connection (Cone) between the coupling and the reactor is shown together with the path followed by the fluid, in case it will release the pressure trough the safety hole. This arrangement is very useful and necessary when operating the SCWG of biomass. 
Results and Discussion
Black liquor presents important positive aspects related to its composition. As a matter of fact, BL, contains already inorganic salts which act as homogeneous catalysts [16] . Even if the process of gasification is very much improved, phenomena like deposition and plugging can't be underestimated.
Importantly, when the concentration of biomass inside the reactor is relatively high, this could create an additional safety alarm especially when the reactor is definitely plugged since the biomass contained within the reactor will continue to increase the internal pressure even if the heating system is switched off.
ICERT 120-4 Figure 4 shows the sudden pressure drops encountered during the last period of the experimental session. The accumulation of char, tar and inorganics form a temporary closure to the inlet of the reactor. Because of an accumulation of pressure on top of the closure, the "wall" is totally or partially removed and this allows for a sudden inlet of feedstock. This is causing the quick pressure drops shown in Figure 4 . The left side of the figure, (a) , describes the pressure variation as function of time under temperature controlled conditions. In particular, it shows just a limited time range in which the sudden pressure drop occurs. This behavior is observed more often if the experiments are continued for longer time as demonstrated in Figure 4 (b) . The measurement of the temperature is done at the reactor external wall. Because the metallic mass of the reactor is enormously large with respect to the internal mass of the feedstock, the temperature at the external wall does not suffer of any drastic variation. Figure 5 shows the Carbon Gasification Efficiency (CGE) as function of residence time at 600°C and 700°C. The CGE represent the capacity of the process to convert the carbon of biomass into syngas. In addition, the CGE variation is shown for both catalytic and non-catalytic reactor. It is possible to observe that the effect of residence time is more relevant at 700°C, where the difference between the two reactor is almost negligible. An interesting aspect to observe is that at 600°C the non-catalytic reactor shows a slight reduction of CGE with the residence time. ICERT 120-5 This is due to possible re-polymerization, which is a phenomena that could take place during gasification. One example can be the re-polymerization of phenolic compounds, this would reduce the gas yield [17] .
At supercritical conditions, the dielectric constant of water is decreased importantly and this allows for the precipitation of salts and inorganics contained within the feedstock. In addition to this phenomenon, there is also tar and char deposition within the reactor and this is more accentuated at the inlet part of it, where the reactor's temperature is lower than the central section, as directly observed at the end of each test. This is confirmed by inspecting the reactor inlet and outlet and considering some additional phenomena taking place when plugging occurs. Because of these depositions, there is partial or total plugging and this will provoke sudden pressure drops/rise within the reactor. The pressure in the reactor can even have significantly higher values than the setup point of the backpressure regulator ( Figure 5 ) and this is because the response time of the valve itself is not immediate.
The stress caused by sudden pressure drop/rise can have important consequences and lead to the breakage of the reactor during long operating conditions.
Conclusions
Supercritical Water Gasification can be addressed as an effective way to produce syngas from biomass. One example is the gasification of black liquor, since this feedstock presents positive aspects related to its composition.
Nevertheless, when operating the SCWG, safety and operational issues should be planned and considered carefully. The plugging phenomena is not to be underestimated since this will cause enormous stress within the reactor which could lead to damages. In addition, the phenomenon of salt deposition suggests additional investigations on salt recovery and recycling.
